Integrated optics provides the platform for the experimental implementation of highly complex and compact circuits for quantum information applications. In this context integrated waveguide sources represent a powerful resource for the generation of quantum states of light due to their high brightness and stability. However, the confinement of the light in a single spatial mode limits the realization of multi-channel sources. Due to this challenge one of the most adopted sources in quantum information processes, i.e. a source which generates spectrally indistinguishable polarization entangled photons in two different spatial modes, has not yet been realized in a fully integrated platform. Here we overcome this limitation by suitably engineering two periodically poled waveguides and an integrated polarization splitter in lithium niobate. This source produces polarization entangled states with fidelity of F = 0.973±0.003 and a test of Bell's inequality results in a violation larger than 14 standard deviations. It can work both in pulsed and continuous wave regime. This device represents a new step toward the implementation of fully integrated circuits for quantum information applications.
In the last decade quantum photonics has played a crucial role in the development of quantum information processes. In particular the transition from bulk to integrated optics has laid the foundation for the implementation of schemes of high complexity, unachievable with previous setups. In the framework of integrated photonic devices, a major development has been carried out in the realization of linear circuits, ranging from the implementation of single building blocks on chip [1-6] to the simulation of quantum transport via quantum walks [7] [8] [9] [10] . The integration of up to a hundred optical components on the same chip has made it possible to experimentally implement the recently proposed boson sampling problem [11] [12] [13] [14] [15] [16] [17] opening the way to the experimental investigation of classically hard to solve problems. Although the realization of integrated linear circuits has improved significantly, the conversion toward a fully integrated platform for quantum information requires the development and the combination of sources of quantum light and eventually detectors on chip. Concerning sources on chip, parametric down conversion (PDC) in periodically poled nonlinear waveguides is a promising approach [18] [19] [20] [21] due to high brightness and intrinsic stability. However the confinement of light in a single channel makes it challenging to emit single photons into different spatial modes without the need of postselection. This is the case of one of the most adopted sources in quantum information experiments, i.e. a source of spectrally degenerate polarization entangled states [22, 23] . While the emission into two different spatial modes is intrinsic in bulk crystals, in integrated waveguides this still remains a challenge and the main reason why a fully on chip source of polarization entangled states was still missing. Indeed nonlinear waveguides have been adopted to realize sources of polarization entangled states, but the entanglement was ei- * Electronic address: linda.sansoni@uni-paderborn.de ther generated outside the chip with a probabilistic splitting on different spatial modes [18, 21] , or the pairs were split deterministically by frequency, leading to spectrally non-degenerate photons [19] . While for some applications this strategy can be useful, degeneracy over all degrees of freedom is a fundamental requirement when dealing with quantum tasks where completely indistinguishable particles are needed. Recently it has been demonstrated that parametric down conversion in a coupled structure allows for the generation of path entangled states [24, 25] . However the adoption of this concept to deterministically address different spatial modes and create entanglement in other degrees of freedom is not straightforward.
Here we overcome these limitations by exploiting the features of titanium indiffused waveguides on lithium niobate (LN) substrates and realize a fully on chip source of polarization entangled states at degenerate wavelengths in the telecom regime. These waveguides can indeed guide both polarizations and present high χ (2) nonlinearity. In order to achieve polarization entanglement, FIG. 1: Chip design: two periodically poled waveguides produce orthogonally polarized photons via type II parametric down conversion. The pairs are split on an integrated polarizing beam splitter (PBS) such that the output state is |HA, VB (|VA, HB ) when the pair is generated in waveguide wg1 (wg2). The superposition of these two contributions results in the desired entangled state.
we implemented a scheme as shown in Fig. 1 tional coupler acting as a polarizing beam splitter (PBS). When a pair is generated in waveguide 1 (wg1) the output state is |H A , V B , where H i (V i ) represents a horizontal (vertical) polarized photon in the output mode i = A, B; while when the pair is generated in waveguide 2 (wg2) the resulting state is |V A , H B . By enabling PDC in both waveguides the superposition of these two contributions yields to the desired entangled state
. The phase φ is now defined by the phase between the two pump beams. We can describe the action of our device through the transformation from input to output modes of the integrated PBS as a function of transmissivity and reflectivity:
Deviations from these ideal values lead to a non vanishing probability of having two photons in the same output (for a detailed description see Supplementary Material).
This design has two main challenges: the fabrication of two identical periodically poled waveguides such that the PDC light produced in both of them has the same spectral properties and the realization of an integrated PBS with polarization dependent splitting ratios as close as possible to the ideal ones. Periodically poled titanium indiffused waveguides on lithium niobate substrates are the optimal candidate to realize this design with the required quality: they guide both polarizations, present very low losses and high χ nonlinearity. Moreover, we have achieved a control over the fabrication technique such that our source has excellent performances and higher brightness compared to bulk sources due to the combination of high χ (2) nonlinearity of lithium niobate and waveguide confinement. We fabricated a chip with the following parameters: the periodically poled waveguides have a length of 24 mm with poling period of Λ = 9.08 µm. Spectrally degenerate pairs at 1554.44 nm are generated when the sample is at a temperature of T = 50
• C via type II PDC. The polarization dependent splitting is achieved through a zero-gap coupler (see further details in the Supplementary Material). We optimized the design of such a coupler to achieve optimal splitting ratios for horizontal and vertical polarized light. The transmission for H and reflectivity for V are respectively T H = 0.996 ± 0.002 and R V = 0.968 ± 0.003. This corresponds to a probability of generating the singlet state of P |ψ − = 0.942 (See Supplementary Material for detailed calculations). The total length of our chip is L = 49 mm. The output facet is coated to highly reflect the pump wavelength around 775 nm and to highly transmit the PDC pairs at telecom wavelengths. We achieve a suppression of ≈ 22 dB for the pump and a transmissivity ≥ 98% for PDC light. Our device presents very low losses, as expected for LN, the average value being 0.03 dB/cm.
We tested the nonlinear properties of the two periodically poled waveguides via second harmonic generation (SHG) in order to find the correct wavelength for a spectrally degenerate process. A continuous wave (CW) bright field at telecom wavelength has been injected in each waveguide singularly and photons at half of the wavelength have been detected with a PIN-diode. By varying the wavelength of the bright field the curves in Fig. 2 are recorded. The full width at half maximum (FWHM) of the two curves are ∆λ wg1 = (0.306 ± 0.009)nm and ∆λ wg2 = (0.359 ± 0.008)nm for waveguide 1 and 2 respectively and both the processes are phase matched at λ = (1554.44 ± 0.01)nm. The slight difference in the FWHMs is due to a slightly different effective poling length of the waveguide, arising from fabrication imperfections. Nevertheless the overlap between the two curves is O ≈ 0.97, i.e. the two poled waveguides present almost the same nonlinear proper- ties, which is essential for the correct functioning of the device. The peak wavelength of the SHG curve also tells us the wavelength combination to phase match the corresponding degenerate PDC process. It corresponds to λ p = 777.22 nm → λ s = λ i = 1554.44 nm (subscripts p, s, i stay for pump, signal and idler respectively). This is the process we will exploit to produce spectrally degenerate polarization entangled states.
A fundamental requirement is now that the photons have no temporal distinguishability, otherwise it will wash out the entanglement. Lithium niobate is a birefringent material, thus horizontal and vertical polarized photons experience different group velocities when traveling through the waveguides. We can consider that the photons are generated at the center of the poled region of length L p , this yields a delay between H and V photons which is proportional to an effective crystal length
where n gJ is the group refractive index for J = H, V polarization in LN and c the speed of light in vacuum. In order to compensate for this temporal walk off we adopt polarization maintaining fibers (PMFs) and let the fast polarized photon travel through the slow axis of the fiber and vice versa. The length of the fibers L f is chosen such that the delay between H and V in the fiber is
B being the birefringence of the PMF. In our experiment the length of our chip is L = 49 mm and the periodic poled waveguides occupy L p = 24 mm of it. The effective length is then L ef f = L − L p /2 = 37 mm, which introduces a delay ∆τ = 9.31 ps. The length of polarization maintaining fibers is chosen accordingly to be L f = 6.95 m. Let us note that the PMFs can be directly glued to our chip and be considered part of the integrated source itself. However, for some applications, such a temporal compensation can be applied after the total evolution of the two-photon states through a linear network; in this case the PMFs can be considered part of the detection scheme, implying that the presence of the PMFs does not prevent the possibility of directly interfacing this LN chip with other integrated circuits.
A second source of distinguishability that we should prevent or compensate is a possible non-perfect overlap between the PDC spectra of H and V photons. This is directly related to symmetry of the joint spectral amplitude (JSA) of the PDC light produced in each waveguide (see Supplementary Material for more details). For a type II process, where orthogonally polarized pairs are emitted, this condition is true only when the pump bandwidth is small enough to ensure a JSA oriented at −45
• in the plane of signal and idler wavelengths. This case correspond to a process driven by CW pump light. On the contrary the use of pulses results in an asymmetry of the JSA and a consequent difference in the bandwidths of the spectra for H and V photons. In this case spectral filters have to be introduced. We pumped our source with both CW and picosecond pulses. In the case of pulsed light we adopted fiber Bragg grating (FBG) filters which, as in the case of PMFs, can be considered part of the source or of the detection scheme. The setup for quantum measurements is shown in Fig. 3 : it can be divided in three sections: the pump preparation setup, the source itself and the analysis setup. The pump preparation setup consists of a loop: here a diagonally polarized beam is split on a bulk PBS and fed into a Sagnac loop. The two beams are recombined on the PBS, however, no interference occurs because a displacement between them is introduced by tilting one mirror (M ) of the loop. This displacement is imaged to the separation between the two input waveguides of the chip through a set of lenses (not shown in the picture). Such a configuration ensures a common path geometry for the two pump beams such that their relative phase remains constant in time. The desired phase φ between them is then set via a liquid crystal device (LCD). After the loop a half waveplate and another PBS are used to set the polarization state of both beams (horizontal). Let us note that by properly rotating the waveplates before and after the Sagnac loop we are able to pump only waveguide 1 or waveguide 2 and generate separable states, or both at the same time and generate polarization entanglement. The second part of the setup is the source itself: the LN chip which generates the polarization entangled state. The last part is the analysis setup: PMFs are used for temporal delay compensation. In our scheme we chose to use a free space coupling but it is also possible to directly interface a fiber array of PMFs to the output of the chip, as the waveguide separation at the output matches the standard separation between fibers in fiber arrays (s = 127 µm). In the case of pulsed pump beams FBG filters with bandwidth ∆λ = 0.25 nm are inserted to apply spectral filtering. Standard polarization analysis components and superconducting nanowires single photon detectors (SNSPD, Quantum Opus) are used to characterize the state. Coincidence counts between the two outputs are recorded. By measuring single counts and coincidences between the two SNSPDs we evaluated the high brightness of our source to be B = (4.84 ± 0.09) · 10 6 pairs s nm mW . Then, in order to characterize our quantum state, we performed a quantum state tomography [26] to reconstruct the density matrix describing the produced state. We set the pump wavelength at 777.22 nm to ensure spectral degeneracy and measured all the possible polarization states projections. Real and imaginary parts of the experimental density matrix are reported in Fig. 4 a,b for pulsed and in Fig. 4 c,d for CW pump light. For pulsed pump light the fidelity (overlap) between the measured state and the singlet state of the Bell basis is F ps = 0.973 ± 0.003. This value is mainly affected by the imperfect splitting ratio of the PBS on chip, residual temporal mismatch and possible slight mismatch of the central peak of the adopted FBGs. We then performed a Bell test according to the scheme of Clause, Horne, Shimony and Holt (CHSH) [27] and obtained a value of the S-parameter of S ps = 2.694 ± 0.046 corresponding to a violation of more than 14 standard deviations. We performed the same measurements with a CW pump and no filters and obtained a fidelity of F CW = 0.941±0.002 and S-parameter S CW = 2.597 ± 0.027. This fidelity is lower compared to the pulsed pump case because of slightly different properties between the two poled waveguides (shown already in the SHG measurements). However this can be improved in the fabrication process.
These results show that our fully integrated source of polarization entangled states has high quality performances that make it the optimal candidate to replace bulk sources commonly adopted in quantum information setups. In this device, the high brightness, low losses and the ability of guiding both polarizations, in combination with a smart waveguide design allow us to achieve a considerable step forward in the realization of integrated multi-channel sources which are one fundamental ingredient of a fully integrated platform for quantum information processes.
Funding Information This work has received funding from the European Union's Horizon 2020 research and innovation program under the QUCHIP project GA no. 641039 and from the Deutsche Forschungsgemeinschaft (DFG) via the Gottfried Wilhelm Leibniz-Preis. As described in the main text, the state generated by our device can be described through the transformation induced by the integrated polarization dependent splitter on the photons generated into the periodically poled waveguides. The initial state is
(5) where a † k,J is a creation operator acting on a photon in mode k with polarization J, and C 1,2 weight the contribution of each source. Let us note that if the efficiencies of the two periodically poled sections are different we can achieve a maximally entangled state, i.e. C 1 = C 2 , by adjusting the pump power in order to compensate for the different efficiencies. We assume in the following this condition. We recall here the transformation induced by the PBS:
Here T J = 1 − R J are the transmissivity and reflectivity of a photon with polarization J in either modes. After applying these transformations to the input state (5) the output state will read:
Now it is interesting to note that the coefficients of the four terms depend on the phase φ and this dependency vanishes only for ideal parameters T H = R V = 1. Deviations from these ideal values increase the probability of having two photons in the same output and consequently decrease the probability of generating the desired entangled state. We can define the probability of generating the entangled state as follows:
This probability is plot in Fig. 5 as a function of T H and T V for different values of φ, namely φ = 0 (top) and φ = π (bottom) which correspond to the generation of
respectively. We can clearly see that this probability decreases faster as T H and T V deviate from the ideal values when φ = 0, i.e when we want to generate |ψ − . This is the effect of path interference which is constructive for φ = π and destructive for φ = 0. With the parameters adopted in our experiment we are able to generate |ψ − with probability P |ψ − = 0.942 while |ψ + is generated with probability P |ψ + = 0.987 Ideal values are TH = 1 and TV = 0 which correspond to a probability P |ψ ± = 1. The probability of generating |ψ − is more affected by deviations of the transmissivities from ideal values.
Fabrication parameters
A detailed scheme of our device is shown in Fig. 6 . The waveguide circuit is realized on lithium niobate through lithographic techniques. Titanium diffusion is carried out for about 9 hours at 1060
• C in oxygen environment. The waveguide width is W = 7 µm and the height 85 nm. The input waveguide separation is 80 µm while the output one is 127 µm which matches the separation of fibers in standard waveguide arrays. The input waveguides present periodic poling with period Λ = 9, 08 µm for a length of L p = 24 mm. These waveguides merge in the structure of a zero-gap directional coupler used as polarization splitter. Its basic design is shown in the inset of Fig. 6 . It consists of a central section with length L c in which the two waveguide branches merge into a single waveguide with width W c = 2W which is twice the width of the single waveguides. A linear branching is performed to separate the two waveguides, i.e. the single waveguides are inclined by an angle Θ. To avoid problems with the lithography in the range in which the waveguide separation is smaller than 2 µm a single tapered waveguide with increasing width is chosen (L e region in the drawing). In our design W = 7 µm, L c = 480 µm and Θ = 0.6
• .
Joint spectral amplitude and photon indistinguishability
Parametric down conversion is a nonlinear process where a photon from a bright field at frequency ω p decays into two daughter photons at lower frequencies. For this process to occur, energy and momentum must be conserved. Momentum conservation is represented by the so called "phase matching function" which depends on the material (in our case lithium niobate) properties and the waveguide geometry. The energy conservation is ensured by the relation ω p = ω s + ω i where the subscripts p, s, i stay for pump, signal and idler respectively. On the plane (ω s , ω i ) this relation is represented by a −45
• line whose width depends on the bandwidth of the pump spectrum (green shaded region in Fig. 7) . The final spectral properties of the PDC photons are represented on this plane by the joint spectral amplitude (JSA) which is the product of the phase matching (PM) function and the pump envelope. For a type II degenerate process in lithium niobate for our wavelength combination the PM function is aligned at −33.5
• (blue solid lines). The JSA will result in an ellipse whose orientation depends on the pump bandwidth: when the pump is broad the orientation of the JSA is dominated by the PM function (Fig. 7 top) , while in the case of CW pump light -i.e almost monochromatic frequency-the orientation of the JSA is mostly determined by the pump envelope (Fig. 7  bottom) .
The spectral indistinguishability of the generated photon pairs is directly connected to the orientation of the JSA. Indeed the spectral indistinguishability can be quantified by looking at the overlap between the JSA and the JSA obtained by exchanging signal and idler axes. This corresponds to mirror the JSA on the +45
• line in the plane (ω s , ω i ) (blue dashed line in Fig. 7 ) and look at the overlap between the original and the mirrored JSAs. A perfect overlap is ensured when the JSA is oriented FIG. 7: JSA: spectrum of signal and idler generated in the PCD process. Blu continuous lines represent the PM function of type II PDC in lithium niobate, while the green shaded region is the pump spectrum where energy conservation is ensured ωp = ωs + ωi. In the case of picosecond pump pulses (top) the orientation of the JSA is dominated by the PM function while in the case of narrow band pump light (bottom) the orientation of the JSA is fixed by the pump envelope. In this second case by exchanging signal and idler -i.e. by mirroring the JSA with respect to the 45
• line (blue dashed)-the two JSAs completely overlap, a condition corresponding to complete spectral indistinguishability between signal and idler.
at −45
• , while it decreases as the orientation deviates from this optimal value. With picosecond pump pulses of ≈ 0.3 nm bandwidth, as set in our experiment, the overlap is O = 0.44. In this configuration we adopted narrowband filters at the output of our device in order to eliminate the distinguishability of signal and idler spectra and consequently increase the entanglement. The overlap of the two JSAs approaches unity with CW pump light and in this configuration entanglement was generated in our device without the need of any filter.
